To determine if glucose availability modulates the timing of the positive feedback action of oestrogen on gonadotropin secretion, we monitored the estradiol-induced luteinizing hormone (LH) surge in sheep (n=5/group) made transiently hypoglycemic by insulin. Experiment 1 determined an effective insulin treatment, one which would depress tonic LH secretion. Two injections of insulin (5 IU/kg iv) 4 h apart were found to induce extended hypoglycemia (10-13 h) and to decrease the LH pulse frequency for 8 h (5.0±0.32 pulses/4 h before versus 2.5±0.34 pulses/4 h after insulin; P<0.05; mean±SEM). Using this same paradigm, experiment 2 determined the influence of the transient hypoglycemia on the LH surge mechanism. In control sheep, estradiol (subcutaneous implants at hour 0) evoked an LH surge with a latency period of 12.4±0.5 h. When insulin was administered either before (hours −4 and 0) or after the estradiol stimulus (hours 4 and 8, or 12 and 16), the onset of the LH surge was delayed to 29.0±2.4 h (average of all three time groups, P<0.05). Infusion of glucose from hours 12-30, along with insulin, prevented hypoglycemia and restored the normal timing of the oestrogen-induced LH surge to that of controls (15.4±0.93 h, P>0.05). These findings suggest that not only is the tonic mode of LH secretion sensitive to metabolic fuel availability, but the surge mode of LH secretion is as well.
Adequate nutrition is essential for the onset and maintenance (14) , glucoprivation induced by 2DG blocked the progesterone-induced LH surge; however, in the hamster (15) , 48 h of reproductive activity (1, 2) . When dietary energy is limited, tonic luteinizing hormone (LH ) secretion is impaired of fasting was unable to prevent the LH surge. In the developing sheep, in which the growth rate is restricted by in the sheep (3, 4) , rat (5) and monkey (6, 7) . Previous studies have determined that LH pulse frequency is supreduced nutrition, the amplitude of the oestrogen-induced LH surge was found to be reduced in the presence of pressed under a reduced glucose availability by insulininduced hypoglycemia in the sheep (8) , rat (9) and monkey chronic estradiol treatment, but not in its absence (16) . In the current study of the young adult female sheep, our (10) , or by pharmacological blockade of glucose metabolism with 2-deoxyglucose (2DG) in the sheep (11) and rat approach was to produce short-term periods of hypoglycemia before or after the initiation of a surge induced by (12, 13) .
Most work has focused on the effect of glucose availability estradiol treatment to assess which time period(s), if any, are sensitive to metabolic fuel availability. The LH surge on pulsatile LH secretion, and there has been relatively less attention paid to the LH surge mechanism in this regard. In mechanism in sheep is exclusively dependent on increased concentrations of circulating oestrogen (17) in contrast to those limited studies of the surge system, there is little consensus as to the effects of energy deficiency. In the rat rodents in which oestrogen positive feedback is modulated by circadian rhythm (18) . This circadian-independent character facilitates the study of which time periods of oestrogen positive feedback, could be sensitive to glucose availability.
In the present investigation, we examine which of the two stages of the LH surge phase is sensitive to a reduction of glucose availability: (1) the early follicular phase which includes processing of the estradiol signal, or (2) the late follicular phase during which the GnRH neurones are activated to secrete massive amounts of the neuropeptide into the pituitary portal circulation (19). We determined if the same acute inhibition in glucose availability which disrupts pulsatile LH secretion also modifies the timing of the LH surge. As a model, we used the oestrogen-induced LH surge in ovariectomized (OVX ) sheep; transient hypoglycemia was produced by administration of insulin, because the depth and duration of hypoglycemia is easily assessed by monitoring circulating glucose levels.
Results

Tonic luteinizing hormone secretion
Insulin treatment suppressed circulating glucose in all animals ( Fig. 1 ). Circulating glucose concentrations decreased abruptly after the initial insulin injection and remained suppressed throughout the remainder of the study (P<0.05, Fig. 2 ).
The influence of transient hypoglycemia on the pattern of pulsatile LH secretion is presented in Fig. 1 ; the mean results are shown in Fig. 2 . Luteinizing hormone pulse frequency was high during the control period. This was significantly (P<0.05) decreased after the initial insulin treatment, but did not decline further after the second treatment. Mean LH concentrations during the control period significantly (P<0.05) decreased after the first insulin treatment, and decreased further after the second insulin treatment (P<0.05).
Luteinizing hormone surge system
Insulin treatment produced approximately 12 h of hypoglycemia (Fig. 3 , shaded areas: time when glucose <50% pretreatment period). Parameters of the LH surge is presented in Fig. 4 for each of the treatments. In the control group, the LH surge began 12.4±0.5 h after insertion of the estradiol implants, peaked at 17.2±0.6 h, had a duration of 19.6±3.1 h, and an amplitude of 251.8±47.7 ng/mL of LH. Transient hypoglycemia delayed, but did not prevent, the LH surge. With the exception of one treatment in one female (no. 567, insulin at hours 12 and 16; Fig. 3 ), the LH surge did not occur until circulating glucose levels returned to the normal range. Specifically, hypoglycemia approximately doubled the latent period compared to the control and 8, hours 12 and 16. The interval from the onset of the surge to its peak was similar in all groups. When administered before and at the time estradiol treatment, insulin did treatment (hours 4 and 8 or hours 12 and 16, P<0.05, Fig. 4) . not reduce the duration or amplitude of the LH surge. The amplitude of the LH surge did decrease, however, when Glucose replacement (during insulin treatment at hours 12 and 16) ameliorated the hypoglycemic effects of insulin insulin was administered after the initiation of the estradiol be explained by altering the circadian rhythm underlying the surge mechanism; a reduction of energy interferes with a variety of circadian rhythm in rats (20, 21) . This hypothesis cannot account for the finding in this study of the sheep. At the outset, the period of the hypoglycemic delay in the LH surge was not 24 h, but rather ranged between 14 and 19 h. Moreover, the surge mechanism of the sheep is not sensitive to the circadian input as evidenced by the finding that administration of estradiol during the day or night results in an LH surge after a similar latent period, rather than occurring at a fixed time of day (22, 23) . Similarly, the first LH surge at puberty in the sheep does not occur at a fixed time of day (24) .
Interestingly, one might argue that insulin-induced hypoglycemia could delay the oestrogen-induced LH surge because of its effect on the tonic secretion of LH. It has been reported that a high frequency of GnRH and LH pulses precede the LH surge (25, 26) when circulating oestrogen levels increase in the ewe. The present results as well as previous study of Clarke et al. (8) indicate that pulsatile LH secretion is suppressed by hypoglycemia. However, it is difficult to know the border between tonic and surge modes of GnRH secretion, because it is not clear if the robust GnRH pulses found before and during the initiation of the GnRH surge are derived solely from GnRH pulse (tonic) generator. Because the frequency of multiple unit activity (MUA), considered to represent the activity of the GnRH pulse generator, decreases before and during oestrogen-induced LH surge (goat (27), monkey (28) and rat (29)), it has been proposed that there is an independent GnRH surge generator which could be driven by higher levels of oestrogen. Thus, in the present study, we cannot be assured that the transient hypoglycemia produced immediately before the ascending limb of the GnRH surge interfered with only the surge mechanism. However, insulin-induced hypoglycemia produced during the The time when hypoglycemia was produced relative to the oestrogen stimulus is an important factor affecting the shape of the LH surge. When hypoglycemia was began shortly treatment on the timing of the surge and reinstated the normal latency time to its onset (P>0.05). The amplitude of before and at the time of the estradiol increment (insulin at hours −4 and 0), the surge was uniformly delayed, but the LH surge was not restored by exogenous glucose (P<0.05, Fig. 4) .
amplitude was not affected. When the same depth and duration(10-13 h) of hypoglycemia was begun at later times during the 12-hour latent period, the LH surge was also Behaviour delayed, but to a more variable extent in individuals. Thus, sensitivity to hypoglycemia seems to exist throughout the No overt behavioural changes occurred after the first insulin injection. However, after the second insulin injection, some entire 12-hour latent period and beyond. Moreover, administration of glucose during treatment with insulin at hours 12 animals in some occasions in both experiments showed mild muscle fasciculations and transient bouts of disorientation. and 16 prevented the delay in the initiation of the LH surge. Therefore, the delay in the LH surge in the present study is likely to be a result of the glucoprivic effects of insulin Discussion treatment, rather than a direct effect of insulin per se. Even though glucose infusion prevented the effects of The results of the present study clearly reveal that the preovulatory surge of LH is sensitive to metabolic fuel insulin treatment on the timing of the oestrogen-induced LH surge, the present results do not exclude the possible roles of availability when a depth and duration of transient hypoglycemia is experienced which is capable of acutely inhibiting insulin determining the amplitude of the LH surge. The attenuated amplitude of the LH surge after insulin was not pulsatile LH secretion. In the OVX rat (14) , suppression of progesterone-induced LH surge by energy deprivation could restored by glucose replacement. Similarly, it is reported that the glucose clamp during insulin-induced hypoglycemia fails mechanisms is not well known. Insulin can also alter energy metabolism through mechanisms other than by inducing to restore mean levels of plasma LH in the presence of oestrogen, but not its absence in castrated male sheep (30).
hypoglycemia. For example, high doses of insulin inhibit lipolysis and fatty acid mobilization by adipose tissue (31) . There might be a direct suppressive action of insulin on LH secretion in the presence of oestrogen, although the detail Thus animals treated with insulin in the present study may affected despite its onset being delayed when hypoglycemia was experienced before and at the initiation of the estradiol stimulus (insulin at hours −4 and 0). Perhaps during this period, the surge generating mechanism is exclusively sensitive to glucose availability, but not to other types of energy. The present study indicates that insulin-induced hypoglycemia interferes with two stages of the LH surge: (1) a preparatory phase which includes processing of the estradiol signal and (2) a releasing phase during which the GnRH neurones secrete massive amounts of the neuropeptide into the pituitary portal circulation. During the releasing phase, refractoriness of the pituitary during hypoglycemia could be possible. Hypoglycemia begun at the putative onset of the LH surge (insulin at hours 12 and 16) delayed the surge, and the LH surge started after hypoglycemia in all animals except one (no. 567 in Fig. 3) . Thus, the pituitary may have reduced its sensitivity to the GnRH stimulus under hypoglycemia but then recovered it while the GnRH surge continued; in sheep the duration of GnRH surge is known to be much longer than that of LH surge (33). This explanation, however, should be tempered by the finding that pituitary sensitivity to exogenous GnRH challenge is maintained during glucoprivation induced by 2DG in sheep and the rat (11, 12) .
Rather than pituitary insensitivity being responsible for the absence of the LH surge during the appropriate time, a more likely possibility is that the induction of the GnRH surge itself was delayed. Perhaps GnRH neurones which are important to generating the GnRH surge, wherever their location, are not activated by oestrogen during hypoglycemia. In the present study, 9 h of hypoglycemia after the initiation of the oestrogen treatment (insulin at hours −4 and 0) uniformly delayed the onset of the LH surge for 18 h. In sheep, increasing doses of oestrogen advance the onset of LH surge (17) and, perhaps, the occupancy of brain oestrogen receptors above a threshold is the signal to trigger the GnRH surge. One mechanism by hypoglycemia may prevent the LH surge is by reducing oestrogen receptor levels in the hypothalamic neurones which are involved in the GnRH surge. However, contrary to this hypothesis, Wade's group (15) has found in the Syrian hamster that 48 h of food deprivation increased responsiveness to the positive feedback effect of oestrogen by augmenting the oestrogen-receptor immunoreactive neurones in the medial preoptic area, which is considered as the primary positive feedback site of oestrogen in the rodents (34). In sheep, where the ventromedial nucleus of the hypothalamus is the primary action site of estradiol in inducing the GnRH surge (35), it is not known if food deprivation or LH surge in our study is not known. Stress is one of the most potent inhibitors of the LH surge in a large number of animals including sheep (36) . Insulin-induced hypoglycemia have been deprived of fatty acids as an energy source, in addition to the hypoglycemia. In this respect, the suppressive is a potent stimulator of the hypothalamo-pituitary-adrenal axis in the rat (37), monkey (38) and sheep (39, 40) . The effect of 2DG on ovulatory cycles is greatly potentiated by inhibition of fatty acid utilization (32) . Interestingly, there effect of cortisol in inhibiting the LH surge remains inconclusive. A preliminary study in sheep has determined that a may be differential sensitivities of the timing and amplitude properties of the surge mechanism to the source of energy.
prolonged (5-day) infusion of cortisol can block or delay the preovulatory surge of LH (41) . However, short-term (hours) This could explain why the amplitude of the surge was not (12 h) to ensure that we had the maximal coverage with insulin. Additional glucose treatments (4 mL/treatment) were administered as an intravenous bolus when needed to maintain blood glucose at or above pre-insulin control levels for 4 h, as determined from whole blood glucose measurements using a portable gluco- Assay sensitivity, defined as 2×SD from the buffer control, averaged 0.97±0.53 ng/mL (n=10 assays) for 200 mL plasma expressed relative to Experimental design NIH-LH-S12. Intra-assay coefficient of variation (CV ), determined from a serum pool which bound at 20%, averaged 8.0%, and interassay CV averaged Experiment 1: Tonic luteinizing hormone secretion 12.82%. Glucose was measured in single 5 mL aliquots of plasma using an To determine the effects of transient hypoglycemia on tonic LH secretion, Enzymatic Glucose ( Trinder) Kit (Sigma Chemical Co., St. Louis, MO, USA). jugular blood was collected from five ovariectomized sheep every 10 min over a 12-h period during which insulin was injected intravenously at hours 4 and 8 (5 IU/kg regular insulin, Ely Lilly, Inc., Indianapolis, IN, USA). The Data analysis protocol was a modification of the earlier study of Clarke et al. (8) ; we An onset time of LH surge was identified using the criterion established by administered insulin twice rather than once to achieve a more sustained Legan et al. (51), wherein a 'surge' is denoted by LH values which exceed period of hypoglycemia.
5 ng/mL for a minimum of 8 h. The amplitude of the LH surge was determined Experiment 2: Oestrogen-induced luteinizing hormone surge by subtracting the average baseline value before estradiol treatment from the To determine the effects of hypoglycemia on the estradiol-induced LH surge, peak value of LH after estradiol supplementation. The interval to the peak jugular blood was collected every hour beginning 4 or 8 h before and of the LH surge was determined by subtracting the time of onset from the continuing for 60 h after a surge-inducing dose of estradiol (hour 0). Insulin peak time. The end of the surge was defined as the first of three consecutive was administered (5 IU/kg, iv) at hours −4 and 0, hours 4 and 8, and hours samples that decreased to the average baseline concentration of LH. If a 12 and 16 to induce periods (approximately 12 h) of hypoglycemia before, second peak of LH occurred, a nadir point between the peaks was defined as during and after the normal time of onset of the LH surge. The experiment the end of the original surge. The duration of the surge was determined by was conducted in five replicates of five animals per treatment such that each the difference between the time of surge onset and its end. animal received each treatment and served as its own control. Treatments
Mean glucose levels in each group were calculated for each sampling time. were not assigned in random order; we proceeded with the experiments one Control values were calculated by averaging the values of the first four by one to explore the effects of hypoglycemia relative to the oestrogen sampling points in each individual. treatment. In the final replicate, glucose was replaced by intravenous infusion Statistical differences among control and treatment periods were deterthroughout the period of hypoglycemia induced by insulin treatment at hours mined by using ANOVA for repeated measures. Post-hoc comparisons were 12 and 16. We chose a paradigm of insulin at hours 12 and 16 for glucose made by Scheffe F-test on Macintosh computer (Statview SE+Graphics, replacement study, because it was most effective to inhibit the oestrogeninduced LH surge among three treatments of insulin.
Brainpower, Inc. Calabasas, CA, USA).
